Interfacial thermal resistance is an important factor that has a considerable effect on the thermal conductivity of composites, especially nanocomposites, and must therefore be considered when developing new composites for various structural and nonstructural applications. However, reported data on interfacial thermal resistance are sparse as a result of a lack of efficient measurement methods. We developed a new analytical and measurement method for the determination of the interfacial thermal resistance between a metal and a dielectric material by using a technique involving periodic Joule (ohmic) heating and thermo-reflectance. The principle is based on a one-dimensional model of heat conduction in a two-layered system, taking into account the interfacial thermal resistance. By using this method, the interfacial thermal resistances between Au films and substrates of SiO 2 glass or sapphire single crystal were measured. The results were compared with values calculated by the diffusion mismatch model, and the experimental factors that might affect the interfacial thermal resistance are discussed.
Introduction
Several studies [1] [2] [3] [4] [5] on the effective thermal conductivities of composites have shown that the interfacial thermal resistance is an important factor that must be considered when designing and developing composites with required thermophysical property, especially for composites containing nanoparticles or nanofibers. However the measurement of interfacial thermal resistance is still a difficult experimental problem. Cahill 6) and Baba 7) reported their measurement methods that use an optical pulse heating and thermo-reflectance technique in which a thin film several hundred nanometers thick was coated on a substrate, a pulse laser was used to heat the front 6) or rear 7) surface of the thin film, and the interfacial thermal conductance between the film and the substrate was determined by analyzing the change in temperature at the front surface of the sample. These methods require advanced techniques of ultrafast heating and temperature measurement with a picosecondor femtosecond-pulse lasers and complicated data-analysis methods. Kato and Hatta 8) reported a 2! method of measuring the normal-to-plane thermal conductivity of thin dielectric films. In this method, a metal film was coated on the surface of a dielectric thin film and heated by an alternating current (ac). The ac-temperature response at the surface of the metal film was measured by a thermoreflectance technique, and the thermal conductivity of the dielectric film was obtained by analyzing the amplitude and phase of the ac-temperature, on the basis of a onedimensional model of thermal transport in a three-layered system. The advantage of this method is the simplicity of the measurement principle and the availability of commercial experimental apparatus. However, Kato et al. could not obtain a value for the interfacial thermal resistance for two reasons. Experimentally, two interfaces were included in the specimen, one between the metal film and the dielectric film and another between the dielectric film and the substrate, and the contribution of these two interfaces cannot be separated. Furthermore, the analytical model reported in ref. 8) does not take into account the interfacial thermal resistance, and therefore lacks a convincing theoretical foundation for calculating it.
In this study, we develop a new analytical model and experimental method for measuring interfacial thermal resistances by using the 2! apparatus, and the thermal resistances of interfaces between several metal/dielectric materials are measured by this method.
Analytical Model
The analytical model for the measurement of interfacial thermal resistances is shown schematically in Fig. 1 . The specimen consists of two layers, a dielectric substrate with a thermal conductivity of s and a heat capacity per unit volume of C s , and a metal film with a thickness of d m , a thermal conductivity of m , and a heat capacity per unit volume of C m . The interfacial thermal resistance between the film and the substrate is represented by R. An alternating current q is supplied to the metal film, and the temperature measured at the film surface is Tð0Þ. Heat conduction in the system can be treated as one-dimensional, as expressed by eq. (1), with boundary conditions as expressed in eq. (2) .
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Solving eqs. (1) and (2), we obtain the following expression:
Where
and ! is the frequency of the heating current. When the condition k m d m ( 1 is satisfied by adjusting ! and d m , we get
The first term on the right-hand side of eq. (4) is proportional to ! À1=2 and the second and third terms are independent of it. A plot of Tð0Þ=qd m versus ! À1=2 gives a straight line with an intercept equal to the sum of the second and third terms. If the thickness of the metal film and the specific heat and thermal conductivity of the metal film and substrate are known, the second term, which is the interfacial thermal resistance between the film and the substrate, can be calculated.
Experimental Procedure
Three types of substrate were used in the experiments: SiO 2 quartz glass with a surface roughness of less than 10 nm, the same glass with a surface roughness of more than 100 nm, and an Al 2 O 3 sapphire single crystal (001). Au films with thickness from 100 to 300 nm were coated on the substrate by using an IE-20S Dual Ion Thinning apparatus (Eiko Engineering Co., Ltd.), operated at a background pressure of 2.6 Pa, an Ar gas pressure of 4 Pa, a voltage of 6.7 kV, and a current of 2.3 mA. The thickness of the Au films was measured by using an atomic force microscope. The interfacial thermal resistances between the Au films and the substrates were measured by using a ULVAC-RIKO TCN-2! apparatus at room temperature in a vacuum of less than 2 Â 10 À2 Pa. The frequency of the heating current was 500, 1000, 2000, or 4000 Hz, and the power was kept at 2.25 W.
The thermal conductivities and heat capacities of the substrate and Au film, used to calculate the interfacial thermal resistances, are given in Table 1 .
Results and Discussion
The results of measurements of the interfacial thermal resistance are shown in Fig. 2 . Although we prepared samples with different thicknesses of Au films for each types of substrate, no systematic dependence of the interfacial thermal resistance on the film thickness was observed. Instead, large fluctuations in the interfacial thermal resistance were observed for samples with different Au film thickness. Fig. 2 Measurement results of interfacial thermal resistance.
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If fact, samples with films of the same thickness were prepared during the same coating experiment, whereas those with different thicknesses were prepared in different experiments. The reproducibility of measurements with the same sample was within less than 5%, but the deviation between samples prepared by different coating experiments reached as much as 200-300%. This scattering of interfacial thermal resistance values is believed to be the result of differences in the conditions for the coating process and in the substrate surfaces.
Let us compare the two plotted lines for Au/SiO 2 in Fig. 2 . The first three points of the lines show the same fluctuating tendencies, which suggests that the fluctuations could be caused by some changes in the coating conditions. Although we did not intentionally change the coating conditions, some conditions, such as the atmosphere and power during sputtering, may have changed slightly between experiments. At the final point, the two lines show different behaviors: the one for Au/SiO 2 with a smaller roughness suddenly increases, whereas the one with a larger roughness shows little change. Since these two samples were coated in the same experiment, the difference must be caused by some effect of the substrate. One possibility is contamination of the surface, since such an increase in interfacial thermal resistance resulting from contamination at an Au/sapphire interface has already been reported by Stoner et al.
11)
In Fig. 3 , we re-plot the measured interfacial thermal conductivity values in comparison with values calculated by the diffusion mismatch model 10) and the experimental data reported in ref. 11). All the experimental values are higher than the theoretical ones. For the Au/Al 2 O 3 interface, the minimum interfacial thermal resistance that we measured is in good agreement with the calculated value, whereas for Au/SiO 2 , the experimental results are much higher than the calculated ones. We conclude that the reasons for such differences arise from differences between ideal interfaces and real ones. In the diffusion mismatch model, the interfacial thermal resistance is considered to be caused by elastic phonon scattering at an interface where the materials on both sides of the interface are single crystals and the interface is a sharp boundary that is perfectly flat at the atomic level. However, the SiO 2 substrates that we used were amorphous with rough surfaces, so the phonon scattering occurred within a disordered interfacial layer. Swartz and Pohl 12) reported a similar mismatch between the experiments and theoretical prediction for a Rh:Fe/Al 2 O 3 interface. They confirmed that roughening of the surface of the substrate is equivalent to a thin glassy layer and results in an enhancement in the interfacial thermal resistance at room temperature. By comparing the results for two Au/SiO 2 interfaces with different degrees of roughness in Figs. 2 and 3 , we also find that substrates with a larger roughness generally result in a higher interfacial thermal resistance.
Conclusion
A method was developed for measuring interfacial thermal resistance by a technique involving Joule heating and thermoreflectance. By this method, the interfacial thermal resistances of Au/SiO 2 (quartz glass) and Au/Al 2 O 3 (sapphire single crystal) interfaces were measured. The interfacial thermal resistance was very sensitive to the conditions for the coating process, and the experimental values were higher than the theoretical values calculated by the diffusion mismatch model, showing that the interfacial thermal resistance is strongly affected by the physical and chemical conditions, such as roughness or contamination of the interface.
